Two grain sorghum (Sorghum bicolor L. Moench) studies were conducted in the Coastal Bend Region of Texas over a two-year period. In one study, sorghum growth and yield were compared when planted in a single row on beds or planted in twin rows on beds with different plant populations under dryland or irrigation. Above average rainfall occurred in May 2000 which resulted in twin rows at any plant population producing higher yields than the single row at lower plant population. In 2001, single-row plantings with either plant population (124,000-160,000 or 161,000-198,000 plants/ha) produced higher yield than twin rows planted at 161,000-198,000 plants/ha. Under irrigation, twin rows planted at 161,000-198,000 plants/ha produced higher yields than single row at the same population; however, no other yield differences were noted when row systems or plant populations were compared. In another study, 38 cm row spacings were compared with 76 cm row spacings under two plant populations. In 2000, when rains fell at an opportune time, no yield differences were noted; however, in 2001 with below average rainfall, the 76 cm plantings at 170,000-200,000 and 210,000-240,000 plants/ha produced higher yield than the 38 cm plantings at those same plant populations.
Introduction
Row spacing and plant populations are variables that can have a significant impact on the net returns of sorghum producers. Grain sorghum along the Texas Gulf Coast is commonly cultivated in rows 76-102 cm apart [1] . Recent technological developments in farming equipment and improved herbicides open new doors for using rows narrower than 76 cm or twin rows on a single bed in grain sorghum production. The use of narrow rows in grain sorghum production is not new. A number of previous studies published in the late 1950s and 1960s showed yield increases when grain sorghum was planted in narrow rows [2, 3] .
Though optimal plant densities for grain sorghum differ from region to another, previous research has indicated that grain yields generally increase as plant populations increase [4] [5] [6] . At lower than suggested plant densities, grain sorghum head number per plant or seed number per head increased when compared to the recommended plant density [7] [8] [9] [10] .
In other crops, Grichar [11] reported variable results of the effects of different seeding rates in soybean (Glycine max L.). He reported that the effect of seeding rate on soybean yields varied from year to another depending on variety and rainfall received during the growing season. Brown et al. [12] showed a 34% yield increase in corn (Zea mays L.) grown on 51 cm rows compared with 102 cm rows. Fulton [13] reported that under conditions of adequate soil moisture, higher corn plant densities (54,360 plants/ha) produced greater yields than lower densities (39,540 plants/ha), and rows spaced at 50 cm produced higher yields than rows spaced 100 cm apart.
The row spacing in a crop can also impact crop yield potential [6, [14] [15] [16] . Weed-grain sorghum competition is intensified by open canopy structures [17] , while narrowrow planting gives grain sorghum a competitive advantage over weeds [18] . Staggenborg [6] reported that crop row spacings of less than 76 cm would increase grain yield in areas with high yield potential with little risk of reduced yield in areas with lower yield potential. Grichar [19] reported that 2 International Journal of Agronomy soybeans in a twin-row configuration yielded more than the single-row system 50% of the time. Reducing the distance between rows can also improve weed control by increasing crop competitiveness and reducing light transmittance to the soil [20] [21] [22] . Johnson et al. [23] reported that total weed densities were less when peanut (Arachis hypogaea L.) rows were spaced 30 cm apart compared with rows spaced 91 cm apart. Teasdale [24] showed that reduced row spacing and increased corn populations decreased weed growth in the absence of herbicides and shortened the time of canopy closure by one week. Significant yield increases were reported when grain sorghum was planted in double rows 38 cm apart on 97 cm beds [25] . This planting pattern increased grain yield 24% (1174 kg/ha) compared to single-row planting across two deficit-irrigation levels (76 and 152 mm of inseason irrigation) and two planting densities (148,000 and 222,000 plants/ha). Although the increase in yield was 26% with the higher level of irrigation and 22% with the lower level of irrigation, there were no significant differences between the two planting densities.
Seedlings in close proximity to each other express phytochrome-mediated responses by developing narrow leaves, long stems, and less massive roots [26] . Planting a crop in a pattern that reduces the spacing of plants within and between rows can increase plant biomass and leaf area index [27] . Work by Bullock et al. [27] showed that reduced row spacing increased the total interception of photosynthetic active radiation by the corn canopy and redistributed the radiation toward the top of the canopy.
Until recently, profitability of grain sorghum production, as well as that of other crops, has been in decline as production costs continue to increase and crop prices remain low [28] . Although grain sorghum has a comparative advantage over other summer crops with regard to its adaptability to make use of limited soil moisture conditions, its dryland production is characterized by variable yield as crop performance depends highly on soil moisture availability [29] . Higher and more stable yields are obtained under irrigation, but at higher production costs [30] . An increased and more stable profitability of grain sorghum production is essential to improve and secure the sustainability of the farming industry in the region.
More research is needed in the Coastal Bend region of Texas to further understand the effects of narrow-row planting (row spacing as well as twin rows on a bed) on grain sorghum production and its interactions with planting density. Many producers question whether there is a different optimum plant density for grain sorghum grown in narrow rows. For these reasons, the objectives of this study were to determine (a) plant density and (b) row spacing on grain sorghum growth and yield. (27.77 • N and 97.51
Materials and Methods
• W). This study was done under dryland conditions in both years but only under irrigation in 2000. Study 2 was conducted at Perry Foundation Farm located near Robstown (27.79 • N and 97.51
• W), which is approximately 13 km from Study 1 location. The soils at both locations were a Victoria clay (fine, montmorillonitic, and thermic Udic Pellusterts) with less than 1.0% organic matter and pH 7.5. Each year, the studies were moved to different locations within the same field. In both studies, a randomized complete block design with a 2 × 2 factorial treatment arrangement with 4 replicates was used. In Study 1, the two factors included two row configurations, single rows on a bed spaced 96.5 cm apart or twin rows spaced 30 cm apart on a bed. Beds were approximately 36-41 cm wide. In the dryland study, three plant populations (124,000-160,000, 161,000-198,000, 199,000-235,000 plants/ha) were planted in 2000 or two plant populations (124,000-160,000 and 161,000-198,000 plants/ha) in 2001. Under irrigation, the plant populations were the same as those for the 2000 dryland study. Row spacing and plant populations plots were 4 beds (9.8 m) wide and 47 m in length. In the irrigation study, water was applied with aboveground drip lines at panicle formation (122 mm) and at flowering (43 mm).
Planting Dates and Plot
For Study 2, the two factors included two row spacings, 38 and 76 cm apart, and two plant populations of 170,000-200,000 and 210,000-240,000 plants/ha. Row spacing and plant populations plots were 16 rows for the wider spacing or 32 rows for the narrower spacing (12.7 m wide) and 152 to 170 m long.
For all studies, fertilizer was applied 45-60 days prior to planting based on the soil test recommendations provided by the Texas AgriLife Extension Service Soil and Plant Testing Laboratory. All treatments were planted on a flat seedbed. Grain sorghum was planted with a Monosem vacuum planter (Monosem ATI, Inc., 17135 West 116th Street, Leneka, KS 66219, USA) equipped with precision seed meters calibrated to deliver the desired seeding rate. Plant counts taking 4-6 wk after planting assured that each plot 
Data Collection and Analysis.
In the single-and twinrow studies (Study 1), grain heads were hand harvested in early to mid-August, counted from 9.4 m of a center row, and threshed for grain yield determination. For the row spacing study (Study 2), grain was harvested using a commercial combine (John Deere 9600 (John Deere, Moline, IL 61265, USA)). Prior to harvest, the number of heads was counted in two 4.8 m section of center rows. Also, a sample was taken from each plot for measurement of moisture and 1000-grain weight. Crop weights were adjusted to 14% moisture. Data were analyzed using PROC GLM with SAS (SAS Institute, Inc., Cary, NC, USA) and a model statement appropriate for a factorial design. Treatments means were separated by Fisher's protected least significant difference test at P = 0.05. Data for the two years were analyzed separately due to year-by-treatment interactions for all variables.
Results

Rainfall.
Rainfall amounts in the Corpus Christi area were variable for the two years (Table 1) . Rainfall in 2000 can be characterized as below average for February, April, June, and July and above average rainfall for March and May. In 2001, below average rainfall was received for February, April, May, and July. Total rainfall for the February through July growing season (plots were harvested early to mid-August) was below average for both years (Table 1) .
Grain Sorghum Response to Single and Twin Rows and
Plant Populations-Study 1 3.2.1. Heads/Plant. Under dryland conditions in 2000, the twin rows planted at 124,000-160,000 plants/ha produced fewer heads than the single row planted at 124,000-160,000 or 199,000-235,000 plants/ha ( Table 2 ). The single row planted at 124,000-160,000 plants/ha produced a greater number of heads/plant than the twin rows planted at any populations. In 2001, the twin rows planted at 161,000-198,000 plants/ha produced less heads/plant than either population planted on a single row or the twin rows planted at 124,000-160,000 plants/ha (Table 2 ). Mascagni and Bell [31] reported that under dryland conditions, the yield component that contributed the most to a twin-row yield response was heads/ha. They concluded that there may have been more tillering for twin rows since the intrarow spacing was greater than the single row for a given seeding rate.
Under irrigation, no differences in heads/plants were noted (Table 3 ). Mascagni and Bell [31] reported that under irrigation, the number of heads/ha had no effect on sorghum yield.
Number of Seed/Head.
The number of seed/head account for 70% of the grain sorghum yield and therefore play an important role in yield determination [32] . In 2000, under dryland conditions, both single-and twin-row plantings at 199,000-235,000 plants/ha produced the lowest number of seed/head ( Table 2 ). The twin rows planted at 124,000-160,000 plants/ha produced the greatest number of seed/head which was greater than for all row spacing and plant populations with the exception of the twin rows planted at 161,000-198,000 plants/ha. In 2001, the single row planted at 124,000-160,000 plants/ha produced the greatest number of seed/head (Table 2 ). No differences were noted with any other row spacings or plant populations.
Under irrigation, the twin rows planted at 124,000-160,000 plants/ha produced the greatest number of seed/ head, and this was greater than any other plant populations (Table 3 ). The single row planted at 199,000-235,000 plants/ha produced the lowest number of seed/head.
Grain Weight/Head.
Under dryland conditions in 2000, the twin rows planted at 124,000-160,000 plants/ha produced the greatest grain weight/head (Table 2 ). This was greater than the single-row planting at 161,000 or greater plants/ha or the twin rows planted at 199,000 or greater plants/ha. In 2001, the single row planted at 124,000-160,000 plants/ha produced the greatest grain weight/head, and both single-row populations produced higher grain weight/head than either twin rows ( Table 2 ). Karchi and Rudich [32] stated that yields were directly associated with number of heads per unit area and inversely associated with head weights.
Weight of 1000
Seed. Under dryland conditions, in neither year, there were not any differences in the weight of the 1000 seed with either row spacing or plant populations (Table 2 ). However, under irrigated conditions, the singlerow planting at 124,000-160,000 seed/ha produced the highest weight, and this was greater than the weight of twin rows planted at any population (Table 3) .
Yield.
Under dryland conditions in 2000, the singlerow planting at 124,000-160,000 plants/ha produced a lower yield than twin rows planted at any plant population (Table 2 ). This is atypical of what usually occurs. Rainfall was above normal in May (Table 1) , and this contributed to the greater yield with the twin-row system. This rainfall occurred during panicle formation and early flowering. This growth stage is the period when the plants are especially sensitive to any type of stress as water deficits, and this stage is considered the most critical period for grain production [33] . In 2001, the single row planting at 124,000-160,000 plants/ha produced yields that were greater than the twin rows planted at 161,000-198,000 plants/ha. No other differences in yield were noted in 2001. Under irrigated conditions, the twin rows planted at 161,000-198,000 plants/ha produced greater yield than the single row planted at the same plant population. No other differences in yield was noted with any row spacing or plant population (Table 3) . Since irrigation was applied during panicle formation, the plant was not allowed to stress, which would have reduced the number of seeds/plant [33] .
Grain Sorghum Response to Row Spacing and Plant
Populations-Study 2 3.3.1. Heads/Plant. In 2000, no differences were noted in heads/plants when row spacing and plant populations were compared (Table 4 ). In 2001, the 76 cm row spacing planted at 210,000-240,000 plants/ha produced the greatest number of heads/plant, and this was greater than the 38 cm row spacing at either plant population or the 76 cm row spacing planted at the lower plant population.
Number of Seed/Head.
No differences were noted in either year with any row spacing or plant population (Table 4) .
Weight of 1000
Seed. In 2000, the 76 cm row spacing planted at 170,000-200,000 plants/ha produced the greatest weight, and this was greater than the 38 cm row spacing at either plant population (Table 4 ). In 2001, the 38 cm row spacing planted at 210,000-240,000 plants/ha produced the lowest weight, and trends were similar to those seen in 2000.
Yield.
In 2000, no differences in yield were noted with either row spacing or plant population (Table 4 ). In 2001, both 76 cm row spacings at either plant population produced higher yields than the 38 cm planting at either plant population. It has been reported that the yield response to narrow rows in corn and grain sorghum is affected by many environmental, spatial, and temporal field interactions [4-6, 13, 21] . It has also been suggested that a positive yield response to narrow rows is more likely to occur in the presence of environmental yield-limiting factors. Andrade et al. [22] reported that the narrow-row yield response was inversely proportional to the radiation interception achieved with wider rows. Under very favorable growing conditions, when radiation interception for wide rows was optimized, the yield response to narrowing the rows was minimized.
Summary
In the year when rainfall fell at the most opportune time (panicle formation), the twin rows produced higher yields than single-row plantings. Under less rainfall, neither system (twin or single) produced yield differences within their respective plant population. Under irrigation, no differences in yield were noted between twin-and single-row plantings at 124,000-160,000 and 199,000-235,000 plants/ha; however, at 161,000-198,000 plants/ha, the twin-row plantings produced higher yields than the single-row planting. Comparing narrow-row plantings (38 cm) with a more conventional row spacing (76 cm), when rainfall occurred during panicle formation or beginning of flowering and the early boot stage, no yield difference between row spacing was noted; however, when rainfall was limiting, the narrow-row plantings produced less yield than conventional row spacing. Results for the differences in plant populations were mixed. The lower plant populations did not always produce the greater yields especially in dryer years.
Responses to narrow-row spacing in grain sorghum have been varied and inconsistent. Conley et al. [5] reported that grain yield response to row spacing was variable and dependent on environment. Welch et al. [34] reported that in the presence of adequate nitrogen, production of grain and residue increased with increasing populations. They concluded that under dryland conditions, optimum populations for both grain and residue production were between 100,000 and 150,000 plants/ha and that at populations of 100,000 plant/ha, grain and residue yields in 40 cm rows equaled or exceeded those in 102 cm rows. In contrast, Karchi and Rudich [32] in Israel reported, under dryland conditions, that greater yields resulted from narrow rows combined with lower plant populations. They found that the greater grain yields were primarily due to increased number of heads per unit area rather than to changes in head weight. They also stated that heads per unit area and the number of kernels per head were largely free of environmental effects.
Also, grain sorghum grown under dryland conditions and deficit irrigation is commonly exposed to water stress. The effect of water stress on yield, however, depends on its timing and intensity [35] . Narrow-row planting affects the canopy structure and, therefore, would affect the rate of development of soil water deficits and the timing of the onset of plant water stress. An early report regarding the interaction of soil moisture and row width indicated that the optimum row width increases as soil moisture becomes more limiting [29] . However, Steiner [36] concluded that narrowrow planting appeared to increase the transpiration component of evapotranspiration, thus increasing the production efficiency of dryland grain sorghum. Supporting Steiner's conclusions, Sanabria et al. [37] concluded that narrow-row, north-south planting patterns resulted in water conservation through enhanced stomatal control of transpiration under conditions of high evaporative demand.
